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,QWURGXFWLRQ
:KHQ GHVLJQLQJ DQG GHYHORSLQJ FRPSOH[ HQJLQHHULQJ V\VWHPV RQH FRPPRQ SUDFWLFH RI PDQDJLQJ WKH RIWHQ
RYHUZKHOPLQJFRPSOH[LW\LVWRVWXG\WKHV\VWHPIURPGLIIHUHQWYLHZSRLQWV6XFKYLHZSRLQWVDUHGHILQHGE\DYDULHW\
RI IDFWRUV LQFOXGLQJ WKH FRQFHUQV RI LQWHUHVW OHYHO RI DEVWUDFWLRQ DQG FRQWH[W 'LIIHUHQW VWDNHKROGHUV VWXG\ WKH
V\VWHPIURPGLIIHUHQWYLHZSRLQWV+RZHYHUHDFKVWDNHKROGHUUHOLHVRQRULVLQIOXHQFHGE\WKHZRUNDQGFRQFHUQV
DGGUHVVHGE\RWKHUVWDNHKROGHUV)RUH[DPSOHDSURMHFWPDQDJHUPDQXIDFWXULQJHQJLQHHUDQGGHVLJQHQJLQHHUHDFK
DGGUHVV GLIIHUHQW FRQFHUQV DQG KDYH GLIIHULQJ LQWHUHVWV0DQXIDFWXULQJ HQJLQHHUV UHTXLUH LQSXW IURP GHVLJQHUV WR
DVVHVVWKHPDQXIDFWXUDELOLW\RIDSDUWRUDVVHPEO\$WWKHVDPHWLPHFRQFHUQVWKDWDUHSDUWRIWKHSURMHFWPDQDJHU¶V
YLHZSRLQWHJUHTXLUHPHQWVVXFKDVUHJXODWRU\FRQVWUDLQWVRUFRVWREMHFWLYHVQHHGWREHWDNHQLQWRDFFRXQWE\ERWK
WKHGHVLJQDQGWKHPDQXIDFWXULQJHQJLQHHU&OHDUO\WKHUHDUHQXPHURXVLQWHUUHODWLRQVEHWZHHQWKHVHGLIIHUHQWYLHZV
7KHSUHVHQFHRIVXFKLQWHUUHODWLRQVLQWURGXFHVWKHSRWHQWLDOIRUinconsistencies
,QSUHYLRXVZRUNZHFRQFOXGHGWKDWLWLVLPSRVVLEOHWRLGHQWLI\DOOLQFRQVLVWHQFLHV±WKDWLVLWLVLPSRVVLEOHWR
SURYH RU PDLQWDLQ FRQVLVWHQF\ ZLWKLQ WKH FRQWH[W RI GHVLJQLQJ 	 GHYHORSLQJ FRPSOH[ V\VWHPV ZLWK SK\VLFDO
FKDUDFWHULVWLFV7KHUHIRUHWKHIRFXVPXVWEHRQPDQDJLQJ±WKDWLVLGHQWLI\LQJDQGUHVROYLQJ±LQFRQVLVWHQFLHV,Q
V\VWHPV HQJLQHHULQJ LQFRQVLVWHQFLHV PDQLIHVW LQ D YDULHW\ RI IRUPV YLRODWLRQ RI ZHOOIRUPHGQHVV UXOHV
LQFRQVLVWHQFLHVLQUHGXQGDQWLQIRUPDWLRQPLVPDWFKHVEHWZHHQPRGHODQGWHVWGDWDDQGQRWIROORZLQJKHXULVWLFVRU
JXLGHOLQHV,QFXUUHQWSUDFWLFHPRVWRIWKHVHLQFRQVLVWHQFLHVDUHRQO\LGHQWLILHGGXULQJUHYLHZVWKDWDUHSDUWRIWKH
YHULILFDWLRQ	YDOLGDWLRQDFWLYLWLHV,QEHWZHHQWKHVHUHYLHZVWKHUHLVDSRVVLELOLW\RIGHFLVLRQVEHLQJPDGHEDVHGRQ
LQFRQVLVWHQWLQIRUPDWLRQDQGNQRZOHGJHZKLFKFDQOHDGWRSRRURXWFRPHVDQGFRVWO\UHZRUN7\SLFDOO\WKHHDUOLHU
DQLQFRQVLVWHQF\LVLGHQWLILHGWKHFKHDSHULWLVWRUHVROYH$UHFHQWSDUDGLJPVKLIWLQV\VWHPVHQJLQHHULQJNQRZQDV
Model-Based Systems Engineering 0%6( KDV WKH SRWHQWLDO IRU WKH SURFHVV RI LGHQWLI\LQJ LQFRQVLVWHQFLHV WR EH
SHUIRUPHGLQDQDXWRPDWHGIDVKLRQ7KLVLVPDGHSRVVLEOHE\WKHNH\SULQFLSOHRI0%6(WKHXVHRIRQO\IRUPDOLH
FRPSXWHULQWHUSUHWDEOHPRGHOV$XWRPDWHGDQGFRPSXWHUDVVLVWHGPHWKRGVDUHLPSRUWDQWHQDEOHUVIRUPRUHIUHTXHQW
LQFRQVLVWHQF\FKHFNVDQGWKHUHIRUHWRZDUGVFRQWLQXRXVO\YHULI\LQJ	YDOLGDWLQJV\VWHPV
,GHQWLI\LQJLQFRQVLVWHQFLHVLVDQHVVHQWLDODQGQRQWULYLDOSDUWRILQFRQVLVWHQF\PDQDJHPHQW7KHUHIRUHWKLVSDSHU
IRFXVHV RQ DQG SURYLGHV DQ DSSURDFK IRU LGHQWLI\LQJ LQFRQVLVWHQFLHV DQG IUDPHV WKH ZRUN ZLWKLQ WKH FRQWH[W RI
0RGHO%DVHG6\VWHPV(QJLQHHULQJ7KHSUHVHQWHGZRUNLVPRWLYDWHGE\WKHUHVHDUFKTXHVWLRQhow can we identify 
inconsistencies in a set of disparate, distributed, heterogeneous models? 7KHXQGHUO\LQJK\SRWKHVLVRIWKHSUHVHQWHG
DSSURDFKLVWKDWLQFRQVLVWHQFLHVFDQEHLGHQWLILHGXVLQJSDWWHUQPDWFKLQJ
7KHUHPDLQGHURIWKLVSDSHULVVWUXFWXUHGDVIROORZVVHFWLRQSURYLGHVDEULHIRYHUYLHZRIWKHUHODWHGOLWHUDWXUH
DQG LGHQWLILHV WKH JDSV LQ WKH FXUUHQW VWDWH RI WKH DUW 2XU FRQFHSWXDO DSSURDFK WR LGHQWLI\LQJ LQFRQVLVWHQFLHV LV
RXWOLQHGLQVHFWLRQ5HVXOWVDQGLQVLJKWVJDLQHGIURPGHYHORSLQJDSURRIRIFRQFHSWLPSOHPHQWDWLRQDUHGLVFXVVHG
LQVHFWLRQ7KHSDSHUFORVHVZLWKGLUHFWLRQVIRUIXWXUHUHVHDUFK
5HODWHG:RUN
0RVW UHODWHGZRUN VWHPV IURPPRGHOGULYHQ VRIWZDUH HQJLQHHULQJ UHVHDUFK )LQNHOVWHLQ LV RIWHQ FUHGLWHGZLWK
EHLQJWKHILUVWSHUVRQWRLQWURGXFHWKHQRWLRQRILQFRQVLVWHQF\PDQDJHPHQW,QHDUO\ZRUN)LQNHOVWHLQet al.GLVFXVV
WKHXVHRIILUVWRUGHUSUHGLFDWHORJLF)2/DVDFRPPRQUHSUHVHQWDWLRQDOIRUPDOLVPDQGWKHXVHRIORJLFDOUHDVRQLQJ
WR LGHQWLI\ORJLFDOFRQWUDGLFWLRQV$VLPLODUDSSURDFKXVLQJSURSRVLWLRQDO ORJLF LVIROORZHGE\6FKDHW]et al.$Q
LQKHUHQWOLPLWDWLRQRIERWKDSSURDFKHVLVWKHLQVXIILFLHQWH[SUHVVLYHQHVVRIERWKSURSRVLWLRQDODQGILUVWRUGHUORJLFDV
ZHOODVWKHFRPSOH[LW\DVVRFLDWHGZLWKH[SUHVVLQJDQGWUDQVODWLQJVRIWZDUHPRGHOVLQDORJLFDOIRUPDOLVP9DQGHU
6WUDHWHQet al.H[SORUHWKHXVHRIDGHVFULSWLRQORJLFWRDWWHPSWWRQRWRQO\LGHQWLI\LQFRQVLVWHQFLHVEXWPDLQWDLQ
FRQVLVWHQF\ WKURXJK ORJLFDO LQIHUHQFH ,Q WKHLUZRUN WKH DXWKRUVXVH GRPDLQVSHFLILF UXOHV WR ERWK LGHQWLI\ DQG
UHVROYH LQFRQVLVWHQFLHV/DWHUZRUNE\0HQVet al.GHVFULEH FDSWXULQJGHSHQGHQFLHVEHWZHHQ LQFRQVLVWHQFLHV DQG
SRVVLEOH UHVROXWLRQ DFWLRQV LQ WKH IRUP RI PRGHO WUDQVIRUPDWLRQV DV ZHOO DV VHTXHQWLDO GHSHQGHQFLHV EHWZHHQ
UHVROXWLRQ UXOHV 7KLV ZRUN LV FRPSOLPHQWHG E\ HDUOLHU ZRUN LQ ZKLFK 0HQV et al. DUJXH WKDW H[LVWLQJ IRUPDO
PRGHOLQJODQJXDJHVVXFKDV80/VKRXOGEHH[WHQGHGWRGLUHFWO\LQFRUSRUDWHVXSSRUWIRULQFRQVLVWHQF\PDQDJHPHQW
,QV\VWHPVHQJLQHHULQJUHVHDUFKDQGPRUHJHQHUDOO\WKHILHOGRIPRGHOEDVHGGHVLJQDQGGHYHORSPHQWRIF\EHU
SK\VLFDODVRSSRVHGWRSXUHO\VRIWZDUHV\VWHPVSDUWLFXODUO\IXQGDPHQWDOZRUNLVODFNLQJ7KLVLVRIWHQMXVWLILHG
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E\WKHSUHPLVHWKDWWKHIXQGDPHQWDOFRQFHSWVGHYHORSHGLQPRGHOGULYHQVRIWZDUHHQJLQHHULQJUHVHDUFKFDQGLUHFWO\
EHDSSOLHG7KLV LV VRPHZKDW VXUSULVLQJ LQ WKDWPRVW UHVHDUFKHUVDJUHH WKDW WKHUHDUHNH\GLIIHUHQFHVEHWZHHQ WKH
GHVLJQDQGGHYHORSPHQWRISK\VLFDOV\VWHPVDQGRIVRIWZDUHV\VWHPV±IRUH[DPSOHWKHEURDGHUNQRZOHGJHUHTXLUHG
GXH WR WKHPXOWLGLVFLSOLQDU\QDWXUHRIPRVW WHFKQLFDOV\VWHPVDQG WKHKHWHURJHQHLW\RI WKHPXOWLWXGHRIGLVSDUDWH
PRGHOVEHLQJXVHG7KLVUHVXOWHGLQ+HU]LJet al.LQYHVWLJDWLQJIXQGDPHQWDODVSHFWVRIPDQDJLQJWKHFRQVLVWHQF\RI
PRGHOV RI FRPSOH[ V\VWHPV 4DPDU DQG 3DUHGLV ODWHU SURSRVH D FRQFHSWXDO DSSURDFK WR H[SOLFLWO\ FDSWXULQJ
GHSHQGHQFLHVDFURVVDVHWRIPRGHOVWRDLGLQLGHQWLI\LQJDQGVHTXHQWLDOO\UHVROYLQJLQFRQVLVWHQFLHV$QDSSURDFKWR
LGHQWLI\LQJ LQFRQVLVWHQFLHV XVLQJ UXOHV LV SURSRVHG E\+HKHQEHUJHU et al. 7KH DXWKRUV DOVR H[SORUH WKH XVH RI
GRPDLQVSDQQLQJRQWRORJLHVDVDSRVVLELOLW\ WR LGHQWLI\RYHUODSV+RZHYHUKRZWKHVHFRQFHSWVFDQEHSUDFWLFDOO\
LPSOHPHQWHG LQ D VFHQDULR ZKHUH D VHW RI KHWHURJHQHRXV DQG GLVSDUDWH PRGHOV H[LVWV LV QRW RXWOLQHG IXUWKHU
*DXVHPHLHU et al. LQWURGXFH DQ DSSURDFK DLPHG DW PDLQWDLQLQJ FRQVLVWHQF\ EHWZHHQ GLVSDUDWH PRGHOV DQG D
SULQFLSOHVROXWLRQDQDEVWUDFWPRGHORIWKHV\VWHPE\GHILQLQJFRUUHVSRQGHQFHVWRGRPDLQVSHFLILFPRGHOVXVLQJD
WULSOHJUDSKJUDPPDU7KHVHFRUUHVSRQGHQFHVDUHWKHQXVHGWRSURSDJDWHFKDQJHVIURPWKHSULQFLSOHVROXWLRQWRWKH
GRPDLQVSHFLILFPRGHOV +RZHYHU WKLV DSSURDFK LV OLPLWHG LQ WKH VHQVH WKDW FRUUHVSRQGHQFHV FDQQRW EH GHILQHG
DFURVVGRPDLQVSHFLILFPRGHOV6LPNRet al.LQYHVWLJDWHDVLPLODUDSSURDFKEXWXVHDPRGHOLQWHJUDWLRQODQJXDJH
WRFRPSRVHDVHWRIGRPDLQVSHFLILFPHWDPRGHOVFODLPLQJWRWKHUHE\SUHVHUYHPRGHOFRQVLVWHQF\E\FRQVWUXFWLRQ
+RZHYHUWKHDSSURDFKLVOLPLWHGE\WKHIDFWWKDWDVSHFLILFIL[HGVHWRIWRROVPXVWEHXWLOL]HG
&RQFHSWXDO$SSURDFK
,QSUHYLRXVZRUNZHKDYHVKRZQWKDWDWOHDVWZLWKLQWKHUHDOPRIFRPSOH[SK\VLFDOV\VWHPVLWLVLPSRVVLEOHWR
LGHQWLI\ all LQFRQVLVWHQFLHV +HQFH LW LV LPSRVVLEOH WR SURYH RUPDLQWDLQ consistency DQG WKH IRFXV PXVW EH RQ
PDQDJLQJinconsistencies,QV\VWHPVHQJLQHHULQJDYDULHW\RIGLVSDUDWHKHWHURJHQHRXVPRGHOVLVW\SLFDOO\XVHG7R
DXWRPDWLFDOO\ ± WKDW LV DOJRULWKPLFDOO\ ± UHDVRQ DERXW WKH H[LVWHQFH RI LQFRQVLVWHQFLHV D FRPPRQ XQLI\LQJ
UHSUHVHQWDWLRQDOIRUPDOLVPIRUPRGHOVPXVWILUVWEHLGHQWLILHG
3.1. Directed, Labeled Multigraphs as a Common Representational Formalism for Models 
0RGHOV DUHE\GHILQLWLRQ DEVWUDFWLRQVRI UHDOLW\ DQG UHSUHVHQWNQRZOHGJH.QRZOHGJHGHILQHVKRZGLIIHUHQW
SLHFHVRILQIRUPDWLRQDUHUHODWHGWRRQHDQRWKHU,QIRUPDWLRQLVH[SUHVVHGLQWKHIRUPRIpropositionsVWDWHPHQWV
WKDWDUHNQRZQWREHHLWKHUWUXHRUIDOVHFactsDUHSURSRVLWLRQVWKDWDUHDVVXPHGWREHWUXHXQWLOWKH\DUHGLVSURYHQ
,W LV WKLV LQIRUPDWLRQ DQG NQRZOHGJH WKDW LV XVHIXO LQ UHDVRQLQJ DERXW LQFRQVLVWHQFLHV LQ PRGHOV 7KHUHIRUH D
FRPPRQIRUPDOLVPPXVWEHDEOHWRHQFRGHDQGUHSUHVHQWSURSRVLWLRQV
,Q WKHDUWLILFLDO LQWHOOLJHQFHFRPPXQLW\DXWRPDWHG UHDVRQLQJ LVDZHOOUHVHDUFKHGSUREOHPDQGPDQ\ IRUPVRI
UHSUHVHQWLQJNQRZOHGJH DQGSURSRVLWLRQV H[LVW$WRPLF SURSRVLWLRQV± WKDW LV SURSRVLWLRQV WKDW FDQQRW EH IXUWKHU
GHFRPSRVHG ± DUH W\SLFDOO\ EURNHQ GRZQ LQWR WKUHH SDUWV subject predicate DQG object VRPHWLPHV DOVR object

)LJ*UDSKVDVDFRPPRQUHSUHVHQWDWLRQDOIRUPDOLVPIRUPRGHOVLQWKHJUDSKHDFKWULSOHFRQVLVWLQJRIWZRYHUWLFHVDQGDQHGJHUHSUHVHQWVRQH
SDUWLFXODUIDFWFRQWDLQHGLQDPRGHO
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attribute DQGvalue+HQFH VXFK DWRPLF SURSRVLWLRQV DUH VRPHWLPHV DOVR UHIHUUHG WR DV triples$Q H[DPSOH RI
VXFKD WULSOH LVThe aircraft VXEMHFWhas a SUHGLFDWH landing gear REMHFW ,Q WKLV IRUPSURSRVLWLRQVUHSUHVHQW
LQIRUPDWLRQ DQGNQRZOHGJHEHFDXVH DEDVLF VWUXFWXUH IRURUJDQL]LQJ WKH UHODWLRQVKLSV XVLQJSUHGLFDWHV EHWZHHQ
GLIIHUHQW things H[LVWV ,IZH UHSUHVHQW HDFK WULSOHE\ WZRYHUWLFHV RQHHDFK IRU WKH VXEMHFW DQGREMHFW WKDW DUH
FRQQHFWHG E\ D GLUHFWHG HGJH WR LQGLFDWH WKH SUHGLFDWH DQG GLIIHUHQWLDWH EHWZHHQ VXEMHFW DQG REMHFW LW LV RQO\
QDWXUDOWRWKLQNRIWKHVHWRIDOOWULSOHVDVDJUDSK7KLVLVLOOXVWUDWHGLQ)LJ$WWULEXWHVVXFKDVODEHOVDUHUHTXLUHG
WRHQFRGHWKHNQRZOHGJHWREHUHSUHVHQWHG7KHUHIRUHZHDUJXHWKDW WKHLQIRUPDWLRQDQGNQRZOHGJHFRQWDLQHGLQ
PRGHOVFDQEHVWEHUHSUHVHQWHGE\DODEHOHGDWWULEXWHGGLUHFWHGPXOWLJUDSKZKHUHZHXVHWKHWHUPPXOWLJUDSKWR
LQGLFDWHWKDWWKHJUDSKPD\FRQWDLQF\FOHV7KLVLVVLPLODULQVSLULWWRsemanticRUpropositionalnets
3.2. Inferring Inconsistencies Using Logical Deduction 
$Q LQFRQVLVWHQF\ LV E\ GHILQLWLRQ D ORJLFDO FRQWUDGLFWLRQ 6XFK FRQWUDGLFWLRQV DUH FKDUDFWHUL]HG E\ WKH
H[LVWHQFHRIWZRVHWVRISURSRVLWLRQV±ERWKDVVXPHGWRKROGWUXH±WKDWDUHZKHQFRPSRXQGHGDOZD\VIDOVH0RUH
JHQHUDOO\ WKH WUXWK YDOXH RI D VWDWHPHQW WKDW ZDV DVVXPHG WR EH FHUWDLQO\ WUXH LV JLYHQ QHZ HYLGHQFH SXW LQ
TXHVWLRQ )RU H[DPSOH FRQVLGHU WKH VWDWHPHQWVThe aircraft has 3 landing gears DQGThe aircraft has 5 landing 
gears&OHDUO\WKHFRPSRXQGVWDWHPHQWThe aircraft has 3 and 5 landing gearsLVDORJLFDOFRQWUDGLFWLRQ±DUHVXOW
WKDW LV VDLG WR EH inferable WKURXJK DSSOLFDWLRQ RI RXU NQRZOHGJH DERXW WKH SK\VLFDO ZRUOG WR WKH WZR JLYHQ
SURSRVLWLRQVWKDWZHDVVXPHGWREHWUXH7KHUHIRUHRQHRIWKHVWDWHPHQWVFDQQRWEHWUXHDQGDQLQFRQVLVWHQF\H[LVWV
)RUPDOO\ WKHSURFHVVRI DUULYLQJ DW D FRQFOXVLRQE\ VWDUWLQJ IURPD VHW RI SURSRVLWLRQV LVNQRZQDVdeductive 
inference RU GHGXFWLYH UHDVRQLQJ 'HGXFWLYH LQIHUHQFH LV EDVHG RQ WKH SULQFLSOH RI DSSO\LQJ D QXPEHU RI
inference rules WR D VHWRIpremises SURSRVLWLRQVRU FRPSRXQGSURSRVLWLRQVSRVVLEO\ LQD FKDLQRI DSSOLFDWLRQV
7KHVHFKDLQVDUHDUHVXOWRIRSHQLQJQHZSDWKVIRULQTXLU\HDFKFRQFOXVLRQUHDFKHGFDQEHXVHGLQIXUWKHULQIHUHQFH
6XFKDFKDLQHGLQIHUHQFHLVDOVRNQRZQDVWKHFRQVWUXFWLRQRIDQargument
&RQVWUXFWLQJ ORJLFDO DUJXPHQWV LV SDUW RI WKH VLPSOHVW DQG ROGHVW W\SH RI IRUPDO ORJLF WKH V\OORJLVP 7KH
V\OORJLVPLVDORJLFIRUPDQLSXODWLQJSURSRVLWLRQVDQGSURYLGHVPHDQVWRUHDVRQDERXWWKHYDOLGLW\RIDPDWKHPDWLFDO
HQWDLOPHQWLHLVXVHGWRSURYHZKHWKHUDSDUWLFXODUSURSRVLWLRQLVLQIHUDEOH7KHDSSOLFDWLRQRILQIHUHQFHUXOHVLV
WKHUHIRUH HTXLYDOHQW WR WKH FRQVWUXFWLRQ RI D PDWKHPDWLFDO SURRI $XWRPDWLQJ WKLV SURFHVV UHTXLUHV WKDW
FRQFOXVLRQV FDQ EH UHDFKHG WKURXJK V\PERO PDQLSXODWLRQ 7KLV V\PERO PDQLSXODWLRQ FDQ EH DXWRPDWHG LI WKH
SURSRVLWLRQVDQGUXOHVRILQIHUHQFHFDQEHLQWHUSUHWHGDOJRULWKPLFDOO\±LHLIWKHLUVHPDQWLFVDUHZHOOGHILQHG2QH
ZD\RIDFKLHYLQJWKLVLVWRPDSSURSRVLWLRQVWRV\PEROVXVHGLQVWDWHPHQWVWKDWDUHSDUWRIDIRUPDOV\VWHPVXFKDV
SURSRVLWLRQDORUILUVWRUGHUSUHGLFDWHORJLF)RUH[DPSOHDFRPSRXQGVWDWHPHQWYDOLGLQERWKRIWKHVHORJLFVLVPġ
QZKHUHP DQGQ DUHSURSRVLWLRQV DQGġ LV D V\PERO UHSUHVHQWLQJ ORJLFDO FRQMXQFWLRQ RUand*LYHQ WKH WUXWK
YDOXHVIRUPDQGQ LWLVSRVVLEOHWRDXWRPDWLFDOO\UHDVRQDERXWWKHWUXWKYDOXHRIWKHFRPSRXQGVWDWHPHQWVLQFHD
XQLYHUVDOO\DFFHSWHGWUXWKWDEOHH[LVWVIRUFRQMXQFWLRQRSHUDWRUDQGWKHUHIRUHIRUWKHFRPSRXQGSURSRVLWLRQPġQ
$QXPEHURIUXOHVRILQIHUHQFHH[LVWLQFODVVLFDOORJLF7RLGHQWLI\FRQWUDGLFWLRQVWKHODZRInoncontradiction
LVW\SLFDOO\HPSOR\HG7KLVODZVWDWHVWKDWFRQWUDGLFWRU\VWDWHPHQWVFDQQRWERWKEHWUXH±LHP is equivalent to Q
DQGP is not equivalent to Q RULQV\PEROLFIRUPPįQġ¤PįQ7KLVUXOHLVDFRQYHQLHQWIRUPRIDGHULYDWLYH
RIDPRUHJHQHUDO UXOHRI LQIHUHQFH WKHmodus ponens modus: “way”, ponere: “assert”JLYHQD UXOH LQ WKH
IRUPRIDQimplicationPĺQDQGDSUHPLVHPDFRQFOXVLRQQFDQEHGHGXFHG,QRWKHUZRUGVLIRQHSURSRVLWLRQ
PLPSOLHVDVHFRQGQDQGDSUHPLVHLVJLYHQWKDWWKHILUVWSURSRVLWLRQPLVWUXHWKHQWKHVHFRQGQPXVWDOVR
EHWUXHLHif P then Q and given P, deduce Q%\DVVXPLQJWKDWWKHUHVXOWRIWKHLPSOLFDWLRQQLVWKHSURSRVLWLRQ
WKDWAn inconsistency is present WKHPRGXVSRQHQV UXOHFDQEHXVHGUHDVRQDERXW WKHSUHVHQFHRI LQFRQVLVWHQFLHV
ZKHQHYHUDFHUWDLQFRQGLWLRQRUFRPSRXQGHGVHWRISURSRVLWLRQVPLVNQRZQWRH[LVW
3.3. Querying Graph Patterns to Identify Inconsistencies 
:KLOHWKHPRGXVSRQHQVFDQVHUYHDVDQDGHTXDWHWRROWRIRUPDOO\UHDVRQDERXWLQFRQVLVWHQFLHVWKHTXHVWLRQVWLOO
UHPDLQVKRZWKHDIRUHPHQWLRQHGSUHPLVHPFDQEHVWEHFDSWXUHGDQGLQDZD\VRWKDWPPD\DOVREHWKHUHVXOWRID
SUHFHGLQJFKDLQRILQIHUHQFHV6LPLODUWRZKDWKDVEHHQLQYHVWLJDWHGLQSUHYLRXVZRUNDOOUHOHYDQWNQRZOHGJHDQG
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LQIRUPDWLRQ FRXOG EH UHSUHVHQWHG LQ D ORJLF VXFK DV ILUVWRUGHU SUHGLFDWH ORJLF +RZHYHU WKLV KDV WKH
GLVDGYDQWDJHRIEHLQJKLJKO\FRPSOH[DQGPD\OLPLWWKHNLQGRINQRZOHGJHWKDWFDQEHH[SUHVVHG
&OHDUO\ WKH WUXWK YDOXH RI WKH FRQGLWLRQ P LV GHWHUPLQHG EDVHG RQ UHDVRQLQJ DERXW WKH H[SOLFLW RU LPSOLFLW
SUHVHQFHRIDVHWRISURSRVLWLRQVWKDWFDQDVLQGLFDWHGLQVHFWLRQEHUHSUHVHQWHGE\DJUDSK*LYHQVXFKDJUDSK
EDVHG UHSUHVHQWDWLRQRI DPRGHOZH FDQ WKHQ DUJXH WKDW DQ\ LQFRQVLVWHQF\ WKDW LV GHGXFWLYHO\ LQIHUDEOH IURP WKH
FRQWDLQHGSURSRVLWLRQVPXVWDOVREHcontained inVDLGJUDSK,QRWKHUZRUGVWKHFRPSRXQGVWDWHPHQWLQGLFDWLQJWKH
SUHVHQFHRIDQLQFRQVLVWHQF\PXVWHLWKHUEHH[SOLFLWO\FRQWDLQHGLQRUEHORJLFDOO\LQIHUDEOHIURPWKHSURSRVLWLRQVLQ
WKHJUDSK7KHUHIRUHZHDUJXH WKDWGHWHUPLQLQJZKHWKHURUQRWDQ LQFRQVLVWHQF\ LVSUHVHQWFDQEHPDSSHG WR WKH
SUREOHPRIVHDUFKLQJIRUWKHH[LVWHQFHRIDSDUWLFXODUVXEJUDSKLHWKHsubgraph isomorphism problem
)LQGLQJ VXEJUDSKV LV DQ exact pattern matching SUREOHP ,Q JHQHUDO JUDSK SDWWHUQV ± LH SDUWLDOO\ GHILQHG
JUDSKGDWD ± DUH XVHG WRquery D target graph ± HJ IRU WKH SXUSRVH RI GHWHUPLQLQJZKHWKHU RU QRW D SDUWLFXODU
VXEJUDSKH[LVWV7KHFODVVRISDWWHUQVDQGSDWWHUQPDWFKLQJSUREOHPV WKDW DOORZ IRUYHUWH[DQGHGJHvariables DV
ZHOODVsubstitution rules LVNQRZQDVinexact pattern matching6XEVWLWXWLRQUXOHVDUHW\SLFDOO\FRPSRVHGRID
FRPELQDWLRQ RI YDULDEOHV DQG SURGXFWLRQ UXOHV 6XFK IHDWXUHV PDNH SDWWHUQV ORJLFDOO\ DGHTXDWH &RQVLGHU WKH
H[DPSOHLOOXVWUDWHGLQ)LJDQLQFRQVLVWHQF\LQWKHYDOXHVRIWZRVHPDQWLFDOO\HTXLYDOHQWSURSHUWLHV1RWHWKDWZH
DVVXPHWKDWWKHVHPDQWLFHTXLYDOHQFHLQGLFDWHGE\WKHequivalent_toSUHGLFDWHZDVHLWKHUGHILQHGE\DKXPDQRU
ZDVLQIHUUHGDXWRPDWLFDOO\IURPWKHFRQWH[WE\LQIHUHQFH7RLGHQWLI\WKHLQFRQVLVWHQF\WKHJUDSKSDWWHUQVKRZQLQ
)LJ E FDQ EH XVHG ZKHUH x1 x2 n1 DQG n2 DUH YHUWH[ YDULDEOHV ,Q D ORJLFDO HQWDLOPHQW ZKHUH WKH SUHYLRXVO\
LQWURGXFHGPRGXVSRQHQVLVXVHGPLVPDSSHGWRWKLVJUDSKSDWWHUQPKDVDWUXWKYDOXHRItrueLIWKHSDWWHUQPDWFKHV
DQGIDOVHRWKHUZLVHWKHUHE\HLWKHUSURYLQJRUGLVSURYLQJWKHH[LVWHQFHRIWKHLQFRQVLVWHQF\
,QOLJKWRIWKLVZHDUJXHWKDWLQFRQVLVWHQFLHVFDQEHUHSUHVHQWHGE\JUDSKSDWWHUQV:HUHIHUWRVXFKSDWWHUQVDV
inconsistency patterns :H VD\ WKDW WKH SURFHVV RI ORJLFDOO\ LQIHUULQJ LQFRQVLVWHQFLHV LV HTXLYDOHQW WR TXHU\LQJ
SDWWHUQV4XHU\LQJLQFRQVLVWHQF\SDWWHUQVLVWKHUHIRUHHTXLYDOHQWWRDSSO\LQJRQHRUPRUHLQIHUHQFHUXOHVWKDWOHDGWR
WKHFRQGLWLRQPWKDWUHVXOWVLQWKHLGHQWLILFDWLRQRIDQLQFRQVLVWHQF\WKURXJKORJLFDOLPSOLFDWLRQ
3.4. Resolving Inconsistencies: not a Simple Inference Problem 
$VGLVFXVVHGLQVHFWLRQLQIHUHQFHLVDSURFHVVRIUHDFKLQJFRQFOXVLRQV7KLVFRQFOXVLRQGRHVQRWQHFHVVDULO\
KDYH WREHDSDUWLFXODU IDFW VXFKDVAn inconsistency is presentEXW FDQDOVREHDGHULYHGSUHPLVH7KHFDUHIXO
UHDGHUPD\QRZDUJXHWKDWLQIHUHQFHLVWKHORJLFDOFKRLFHWRDXWRPDWLFDOO\UHVROYHLQFRQVLVWHQFLHVWKDWLVJLYHQD
SDUWLFXODU FRQGLWLRQP IRU DQ LQFRQVLVWHQF\ LQIHU D VHWRISURSRVLWLRQV WKDWZKHQDGGHG WR WKHJUDSK UHVROYH WKH
LQFRQVLVWHQF\:KLOH WKLV PD\ EH SRVVLEOH LQ VRPH YHU\ WULYLDO FDVHV WKH SUREOHP LV JHQHUDOO\ QRQWULYLDO )RU
H[DPSOH LI DQ LQFRQVLVWHQF\ H[LVWV LQ UHGXQGDQW LQIRUPDWLRQ VXFK DV LV LOOXVWUDWHG LQ)LJ DZKLFKRI WKH WZR
YDOXHV LV WKH ³FRUUHFW´ RQH" $QVZHULQJ WKLV TXHVWLRQ UHTXLUHV WKDW WKH WUXH YDOXH ± WKH DFFHSWHG truth ± LV ILUVW
LGHQWLILHG ,Q DGGLWLRQ WKLV PD\ UHTXLUH WKH LGHQWLILFDWLRQ RI WKH source of authority WKH VWDNHKROGHU WKDW LV
UHVSRQVLEOHIRUDSDUWLFXODUSDUWRIDPRGHO,QRWKHUFDVHVIXUWKHUDQDO\VLVLVUHTXLUHGWRFDOFXODWHWKHLPSDFWRID
UHVROXWLRQ DFWLRQ 7KLV LQ WXUQ PD\ LQYROYH DQDO\]LQJ ZKHWKHU D SDUWLFXODU ZD\ RI UHVROYLQJ OHDGV WR IXUWKHU
LQFRQVLVWHQFLHV ,Q VRPH FDVHV LWPD\ HYHQ EHZRUWK LJQRULQJ DQ LQFRQVLVWHQF\ IRU H[DPSOH LQ FDVHVZKHUH DQ
LQFRQVLVWHQF\LVWKHUHVXOWRIQRWIROORZLQJDKHXULVWLFDQGVXIILFLHQWUDWLRQDOHH[LVWVWRLJQRUHLW
,QZKDWZD\ D SDUWLFXODU LQFRQVLVWHQF\ VKRXOG EH UHVROYHG LV DGHFLVLRQPDNLQJ SUREOHP0XOWLSOH DOWHUQDWLYH
ZD\V RI UHVROYLQJ DQ LQFRQVLVWHQF\ W\SLFDOO\ H[LVW DQG HDFK RQH PXVW EH FDUHIXOO\ HYDOXDWHG EHIRUH PDNLQJ D

B
)LJD5HGXQGDQWO\GHILQHGSURSHUWLHVE3RVVLEOHSDWWHUQWRLGHQWLI\LQFRQVLVWHQWYDOXHVRIUHGXQGDQWSURSHUWLHV
IRUN/HQJWK IRUN/HQ

IWOHQJWK

IW OHQJWK
HTXLYDOHQWBWR [ [
Q Q
HTXLYDOHQWBWR
QRWBHTXDO
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GHFLVLRQ&OHDUO\DXWRPDWLQJRUDWOHDVWDVVLVWLQJKXPDQVLQPDNLQJVXFKGHFLVLRQVUHTXLUHVDGGLWLRQDOLQIRUPDWLRQ
DQG DSSURDFKHV VXFK DV GHSHQGHQF\PRGHOLQJ PD\ SURYH WR EH XVHIXO LQ VXFK FDVHV 7KHUHIRUH ZH DUJXH WKDW
UHVROYLQJLQFRQVLVWHQFLHVLVDQRQWULYLDOSUREOHPDQGLVFRQVLGHUHGRXWVLGHWKHVFRSHRIWKLVSDSHU
3URRIRI&RQFHSW,PSOHPHQWDWLRQ
$V SDUW RI WKH ZRUN D SURRIRIFRQFHSW LPSOHPHQWDWLRQ ZDV GHYHORSHG WR GHPRQVWUDWH WKH SUDFWLFDOLW\ DQG
WHFKQLFDOYLDELOLW\RI WKHFRQFHSWXDODSSURDFK WR LGHQWLI\LQJ LQFRQVLVWHQFLHVRXWOLQHG LQ VHFWLRQ7KHFRQFHSWXDO
DUFKLWHFWXUHLPSOHPHQWDWLRQVSHFLILFGHWDLOVDQGUHVXOWVIURPDFDVHVWXG\DUHGLVFXVVHGLQWKHIROORZLQJ
4.1. Conceptual Architecture 
,QDQ\SUDFWLFDOVFHQDULRLQZKLFKDYDULHW\RIPRGHOVUHOHYDQWWRWKHV\VWHPVHQJLQHHULQJHIIRUWDUHLQWHJUDWHGD
QXPEHURINH\FRQVLGHUDWLRQVQHHGWREHPDGH0RVWLPSRUWDQWO\ WKHGLIIHUHQWPRGHOVZLOOQRWRQO\EHGLVSDUDWH
EXWDOVRGLVWULEXWHGSK\VLFDOO\SRVVLEO\VWRUHGLQDYDULHW\RIGLIIHUHQWUHSRVLWRULHVDQGH[LVWLQPXOWLSOHYHUVLRQV
$OLQNHGGDWDDSSURDFKZDVVHOHFWHGDVDEDVLVIRUWKHLPSOHPHQWDWLRQ$OLQNHGGDWDDSSURDFKLVDGYDQWDJHRXV
LQ WKDW DQ HQYLURQPHQW LV XVHG WKDW ZDV GHVLJQHG ± IURP WKH VWDUW ± WR VWRUH LQIRUPDWLRQ DQG NQRZOHGJH LQ D
GLVWULEXWHGIDVKLRQ7KH:&UHFRPPHQGVWKHXVHRIWKHResource Description Framework5')DVDNQRZOHGJH
UHSUHVHQWDWLRQPHWKRG5')LVFRPSDWLEOHZLWKRXUFRQFHSWXDODSSURDFKLQWKDWLWDOORZVLQGLYLGXDOSURSRVLWLRQVWR
EHH[SUHVVHGDVVXEMHFWSUHGLFDWHREMHFWWULSOHV,QDGGLWLRQ5')DOORZVIRUconcept schemasWREHGHILQHGWKHUHE\
DOORZLQJ IRU PRUH SRZHUIXO UHDVRQLQJ E\ DOORZLQJ IRU D GHHS UDWKHU WKDQ D VKDOORZ JUDSKEDVHG NQRZOHGJH
UHSUHVHQWDWLRQ VWUXFWXUH 5') DOVR DOORZV IRU WULSOHV WKURXJK UHLILFDWLRQ DQG SDUWV WKHUHRI ± LH YHUWLFHV DQG
HGJHVLQWKHJUDSKRUVXEJUDSKV±WREHLGHQWLILHGE\XQLTXHUniform Resource Identifiers 85,VZKLFKVHUYHDV
VWURQJNH\VDQGDOORZIRUGLVWULEXWHGUHVRXUFHVWREHLGHQWLILHGHDVLO\
)LJ  LOOXVWUDWHV WKH FRQFHSWXDO DUFKLWHFWXUH RI WKH SURRIRIFRQFHSW LPSOHPHQWDWLRQ RI RXU LQFRQVLVWHQF\
PDQDJHPHQW LQIUDVWUXFWXUH WKDWZHKDYHQDPHG&216<67(175')UHSUHVHQWDWLRQVRIPRGHOVDUHJHQHUDWHGE\
WRRO DGDSWHUV DQG DUH VHULDOL]HG DV 5');0/ 7KH VWUXFWXUH RI WKH JHQHUDWHG 5') UHSUHVHQWDWLRQV DQG WKH
IXQFWLRQDOLW\RIWKHWRRODGDSWHUVIROORZWKHJXLGHOLQHVSURSRVHGE\WKHOpen Services for Lifecycle Collaboration
26/& FRQVRUWLXP 26/& LV D SURPLVLQJ DQG RSHQ VHW RI JXLGHOLQHV LQLWLDWHG E\ ,%0 WKDW GHILQHV YDULRXV
GRPDLQVSHFLILF FRQFHSW VFKHPDV DQG LQWHJULW\ FRQVWUDLQWV LQ WKH IRUP RI 63$54/ $6. TXHULHV WR 5')
GRFXPHQWVWKHUHE\HQDEOLQJWKHHTXLYDOHQWRIPHWDPRGHOLQJ$crawlerFROOHFWVWKHLQIRUPDWLRQH[SRVHGE\WKH
WRRO DGDSWHUV DQG VWRUHV LW LQ D NQRZOHGJH UHSRVLWRU\7KLV FUDZOHUKDV D VLPLODU IXQFWLRQDOLW\ WR WKDW RI D VHDUFK
HQJLQH LQ WKDW LW UHWULHYHVD FRPSOHWH VQDSVKRWRI WKHNQRZOHGJH WREH UHDVRQHGRYHUE\ IROORZLQJDOOGLVFRYHUHG
85,V $Q LQIHUHQFH HQJLQH DQG D UHSRVLWRU\ FRQWDLQLQJ JUDSK LQIHUHQFH UXOHV DFFHVVHV WKH NQRZOHGJH EDVH DQG
HQKDQFHVWKHNQRZOHGJHEDVHZLWKDGGLWLRQDOLQIHUUHGVWDWHPHQWVHJWRLQIHUVHPDQWLFHTXLYDOHQFHVDVGLVFXVVHG

)LJ$UFKLWHFWXUHRIWKHVHPDQWLFZHEHQDEOHGLQFRQVLVWHQF\PDQDJHPHQWLQIUDVWUXFWXUH
,QFRQVLVWHQF\0DQDJHPHQW,QIUDVWUXFWXUH
.QRZOHGJH
%DVH0RGHO
&DFKH
6HPDQWLF5HDVRQHU
,QIHUHQFH
5XOHV
,QFRQVLVWHQF\
3DWWHUQV
,QFRQVLVWHQF\
5HDVRQHU
,QIHUHQFH
(QJLQH
&UDZOHU
26/&$GDSWHU
7RRO:HE6HUYHU $3,
5');0/RYHU
+773
26/&$GDSWHUQ
7RROQ:HE6HUYHU $3,*8,+XPDQ,QWHUIDFH
,QFRQVLVWHQF\
5HVROYHU
'HFLVLRQ
$QDO\]HU
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LQVHFWLRQ$VHSDUDWHHQWLW\±WKHinconsistency reasoner±TXHULHVWKHNQRZOHGJHEDVHXVLQJJUDSKSDWWHUQVWKDW
DUH VWRUHG LQ DQRWKHU UHSRVLWRU\$XVHU LQWHUIDFH HQDEOHV KXPDQV WR LQWHUDFWZLWK WKH LQFRQVLVWHQF\PDQDJHPHQW
LQIUDVWUXFWXUH VR WKDW DGGLWLRQDO LQIHUHQFH UXOHV DQG LQFRQVLVWHQF\ SDWWHUQV PD\ EH DGGHG )URP D SURFHVV
SHUVSHFWLYHWKHFROOHFWLRQRIGDWDVKRXOGSUHFHGHWKHLQIHUHQFHDQGLQFRQVLVWHQF\UHDVRQLQJ
2QFHWKHLQFRQVLVWHQF\UHDVRQHUKDVLGHQWLILHGDQLQFRQVLVWHQF\NQRZOHGJHRIWKLVLQFRQVLVWHQF\LVVWRUHGLQWKH
NQRZOHGJH UHSRVLWRU\ DQG ZLOO EH DFFHVVHG E\ WKH inconsistency resolver 7KLV FRPSRQHQW LV LQFOXGHG LQ WKH
FRQFHSWXDODUFKLWHFWXUHIRUFRPSOHWHQHVVEXWLVDVLQGLFDWHGSUHYLRXVO\RXWVLGHWKHVFRSHRIWKLVSDSHU
4.2. Implementation 
$OLQNHGGDWDDSSURDFKDQGWKHXVHRI5')DVDNQRZOHGJHUHSUHVHQWDWLRQODQJXDJHKDYHVHYHUDONH\DGYDQWDJHV
0RVW SURPLQHQWO\ WKHLU URRWV LQ WKH VHPDQWLF ZHE HQDEOH WKH UHXVH RI D ULFK VHW RI H[LVWLQJ VHPDQWLF ZHE
WHFKQRORJLHV DQG WRROV )RU WKH SURRIRIFRQFHSW LPSOHPHQWDWLRQ $SDFKH -HQD ZDV XVHG DV WKH 5') KDQGOLQJ
IUDPHZRUN$VDEDVLVIRUWKHNQRZOHGJHUHSRVLWRU\D)XVHNLVHUYHUEDFNHGE\DTuple Data Base7'%GDWDVWRUH
ZDVFKRVHQ%RWKWKHLQIHUHQFHHQJLQHDQGWKHLQFRQVLVWHQF\UHDVRQHUFRPSRQHQWVVKRZQLQ)LJDUHEDVHGRQWKH
JHQHULFUXOHUHDVRQLQJIUDPHZRUNSURYLGHGE\-HQD8VLQJ WKLVIUDPHZRUNDVHWRIJUDSKSDWWHUQV LVGHILQHG LQD
'DWDORJOLNHODQJXDJHVHH)LJFIRUDQH[DPSOH7KHVHPDQWLFVRIWKHVHUXOHVPDSWRDGHVFULSWLRQORJLFZKLFK
DOVRGHILQHVWKHH[SUHVVLYHQHVVRIWKHSDWWHUQV
7R YHULI\ WKH WHFKQLFDO YLDELOLW\ RI WKH FRQFHSWXDO DSSURDFK DQG WR WHVW WKH LPSOHPHQWDWLRQ WZR VHPDQWLFDOO\
RYHUODSSLQJ 6\V0/ PRGHOV FRQWDLQLQJ WKH engineering bill of materials (%20 DQG manufacturing bill of 
materials0%20RIDSDUWLFXODUFRPSRQHQW±DWRUTXHER[±RIDILFWLWLRXVDLUSODQHZHUHFUHDWHG7KHVHPDQWLF
RYHUODS LV FKDUDFWHUL]HG E\ WKH UHGXQGDQW VSHFLILFDWLRQ RI D SDUWLFXODU VWUXFWXUDO HOHPHQW VHH OuterSpar DQG
OuterFrameSparLQ)LJD6LPLODUWRWKHH[DPSOHLQ)LJZKLFKZDVXVHGWRLOOXVWUDWHWKHFRQFHSWXDODSSURDFK
ERWK HOHPHQWV GHILQH VHPDQWLFDOO\ HTXLYDOHQW YDOXH SURSHUWLHV 7KH LQFRQVLVWHQF\ EHWZHHQ WKH DVVLJQHG GHIDXOW
YDOXHVLVWREHLQIHUUHGDXWRPDWLFDOO\XVLQJWKHLQIUDVWUXFWXUH,QDGGLWLRQWRLPSOHPHQWLQJWKHGLIIHUHQWFRPSRQHQWV
RIWKHLQIUDVWUXFWXUHDWRRODGDSWHUIRUWKH6\V0/PRGHOLQJWRRO1R0DJLF0DJLF'UDZZDVGHYHORSHG
4.3. Testing of the Infrastructure 
7KHFUDZOHUGHVFULEHGLQVHFWLRQILUVWFROOHFWVWKH5');0/GDWDVHUYHGE\WKH26/&WRRODGDSWHULQVWDQFHV
DQGVWRUHVLWLQWKHNQRZOHGJHUHSRVLWRU\7KHSDUWRIWKHVWRUHGJUDSKUHOHYDQWIRUWKHFDVHVWXG\LVLOOXVWUDWHGLQ)LJ
E7KHUHTXLUHGHTXLYDOHQFHUHODWLRQVKLSEHWZHHQWKHYDOXHSURSHUWLHVLVIRUUHDVRQVRIVLPSOLFLW\VXSSOLHGDSULRUL
E\ D KXPDQ 7KH LQFRQVLVWHQF\ SDWWHUQ LOOXVWUDWHG LQ )LJ F PDWFKHV DQ\ WZR YHUWLFHV WKDW DUH LGHQWLILHG DV
VHPDQWLFDOO\HTXLYDOHQWE\D FRQQHFWLQJHGJH ODEHOHGsem:equivalentToZKHUHHDFKYHUWH[KDVDQRXWJRLQJHGJH
ODEHOHG sysml:defaultValue WKDW OHDGV WR OLWHUDO YDOXHV WKDW DUH QRW HTXDO %RWK sem DQG sysml DUH SUHIL[HV IRU
QDPHVSDFHV LQ ZKLFK WKH GHILQLWLRQV RI WKH SUHGLFDWHV equivalentTo DQG defaultValue DUH IXUWKHU UHILQHG 7KHVH
GHILQLWLRQVGHILQHWKHJHQHUDOSURSHUWLHVRIWKHFRQFHSWVRI6\V0/EORFNVDQGVHPDQWLFHTXLYDOHQFHV
8VLQJ WKH LQFRQVLVWHQF\SDWWHUQVKRZQ LQ)LJF WKH LQFRQVLVWHQF\UHDVRQHUZDVDEOH WRTXHU\ WKHNQRZOHGJH
UHSRVLWRU\DQGWKURXJKLPSOLFDWLRQLQIHUWKHSUHVHQFHRIWKHLQFRQVLVWHQF\LQWKHYDOXHVRIWKHSURSHUWLHV
)LJD7ZRGLVSDUDWH6\V0/PRGHOVZLWKUHGXQGDQWGHILQLWLRQVRIVHPDQWLFDOO\HTXLYDOHQWSDUWVE5')UHSUHVHQWDWLRQRI
SDUWRINQRZOHGJHEDVHYLVXDOL]HGXVLQJ5')*UDYLW\F5XOHXVHGWRLGHQWLI\WKHLQFRQVLVWHQF\EHWZHHQlengthDQGsparLength
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'LVFXVVLRQ
6HFWLRQGHPRQVWUDWHVWKHWHFKQLFDOYLDELOLW\DQGSUDFWLFDOLW\RIWKHFRQFHSWXDODSSURDFKLQWURGXFHGLQVHFWLRQ
8VLQJWKHVLPSOHH[DPSOHRIWZRVHPDQWLFDOO\RYHUODSSLQJ6\V0/PRGHOVZHZHUHDEOHWRVKRZWKDWPRGHOVFDQ
EHUHSUHVHQWHGE\JUDSKVDQGWKDWLQFRQVLVWHQFLHVFDQEHLGHQWLILHGXVLQJJUDSKSDWWHUQPDWFKLQJ+RZHYHUZHKDYH
RQO\LQYHVWLJDWHGWKHFDVHZKHUHRQHSDUWLFXODUSDWWHUQLVGHILQHG6LQFHWKHVHWRIDOOSRVVLEOHLQFRQVLVWHQF\SDWWHUQV
LV OLNHO\ WR EH LQILQLWHO\ ODUJH DQG VLQFH JUDSKSDWWHUQPDWFKLQJ LV DQ13FRPSOHWH SUREOHP ERWK WKH WRSLF RI
PDLQWDLQDELOLW\DQGFRPSOH[LW\RIWKHDSSURDFKDUHGLVFXVVHGEULHIO\LQWKHIROORZLQJ
&DUHIXOFUDIWLQJRILQFRQVLVWHQF\UXOHVLVUHTXLUHGWRPLQLPL]HWKHQXPEHURIIDOVHSRVLWLYHV$FRQVHTXHQFHRI
WKLV LV WKDW SDWWHUQV PD\ EHFRPH YHU\ FRPSOH[ ,Q DGGLWLRQ RQH PD\ QHHG WR GHILQH VHYHUDO YDULDWLRQV RI
VHPDQWLFDOO\ YHU\ VLPLODU SDWWHUQV WR PRUH SUHFLVHO\ FRQWURO WKH FRQWH[W LQ ZKLFK WKH SDWWHUQV DUH PDWFKHG
7KHUHIRUH LW LVFRQFHLYDEOH WKDW LQDQ\UHDOLVWLFVFHQDULRPDLQWDLQLQJDVHWRI LQFRQVLVWHQF\SDWWHUQVFDQEHYHU\
FRVWO\&OHDUO\ WKLV FRVW LV SURSRUWLRQDO WR WKH QXPEHU RI SDWWHUQV WKDW DUH GHILQHG EXW LV RIIVHW E\ WKHLU EHQHILW
7KHUHIRUHGHILQLQJWKHVHWRILQFRQVLVWHQF\SDWWHUQVWKDWEDODQFHVFRVWDQGEHQHILWRSWLPDOO\LVDULVNPDQDJHPHQW
SUREOHPDQGKHQFHDOVRDGHFLVLRQPDNLQJSUREOHP3DWWHUQVWKDWUHTXLUHOLWWOHFRQWH[WWREHVSHFLILHGVHHHJWKH
H[DPSOHUHODWHGWRLQFRQVLVWHQFLHVRIYDOXHSURSHUWLHVLQ)LJFDQGDUHWKHUHIRUHQRWYHU\FRPSOH[EXWKDYHWKH
SRWHQWLDO WR LGHQWLI\D ODUJHQXPEHURI LQFRQVLVWHQFLHV HJEHFDXVHRIYDOXHSURSHUWLHVEHLQJYHU\FRPPRQDUH
OLNHO\WREHYHU\YDOXDEOH+RZHYHULQFRQVLVWHQFLHVWKDWDUHHDVLO\VSRWWHGE\DKXPDQDQGUHTXLUHFRPSOH[SDWWHUQV
WREHGHILQHGPD\QRWDOZD\VEHVXIILFLHQWO\YDOXDEOHWRMXVWLI\WKHFRVWLQYROYHGLQGHILQLQJDQGTXHU\LQJIRUWKH
SDUWLFXODU SDWWHUQ 1RW LQFOXGLQJ DOO FRQFHLYDEOH LQFRQVLVWHQF\ SDWWHUQV LV QRW LQFRQVLVWHQW ZLWK RXU FRQFHSWXDO
DSSURDFKZKLFKDFNQRZOHGJHVWKHIDFWWKDWLWLVLPSRVVLEOHWRPDLQWDLQFRQVLVWHQF\
*UDSKSDWWHUQPDWFKLQJDQGKHQFHLQFRQVLVWHQF\LGHQWLILFDWLRQLVDQ13FRPSOHWHSUREOHP+RZHYHUGXHWRWKH
ODEHOHGQDWXUHRIWKHJUDSKVNQRZQKHXULVWLFVFDQEHHPSOR\HGWRLQFUHDVHWKHSHUIRUPDQFHRISDWWHUQPDWFKLQJWR
OHVVWKDQSRO\QRPLDOWLPHDWOHDVWIRUPRVWSUDFWLFDOFDVHV$GGLWLRQDOO\IRUYHU\ODUJHJUDSKVSHUIRUPDQFH
FDQSRVVLEO\EHLQFUHDVHGE\PDNLQJXVHRIGLVWULEXWHGFRPSXWLQJ$WKLUGSRVVLELOLW\WRRYHUFRPHWKHFRPSOH[LW\RI
WKH DSSURDFK LV WR HQIRUFH DQ DUWLILFLDO XSSHU ERXQG RQ WKH FRPSXWDWLRQ WLPH 7KLV LV D VWUDWHJ\ VLPLODU WR WKDW
HPSOR\HGE\VRPHWKHRUHPSURYHUV
6XPPDU\	&RQFOXVLRQV
,QWKLVSDSHUDQDSSURDFKWRLGHQWLI\LQJLQFRQVLVWHQFLHVLVSUHVHQWHG,GHQWLI\LQJLQFRQVLVWHQFLHVLVDQHVVHQWLDO
SDUW RI LQFRQVLVWHQF\ PDQDJHPHQW DQG D SUHUHTXLVLWH IRU DQ\ DWWHPSW DW UHVROYLQJ LQFRQVLVWHQFLHV ,Q V\VWHPV
HQJLQHHULQJ LQFRQVLVWHQFLHVPDQLIHVW LQ DYDULHW\RI IRUPVYLRODWLRQRIZHOOIRUPHGQHVV UXOHV LQFRQVLVWHQFLHV LQ
UHGXQGDQWLQIRUPDWLRQPLVPDWFKHVEHWZHHQPRGHODQGWHVWGDWDDQGQRWIROORZLQJKHXULVWLFVRUJXLGHOLQHV6LQFH
DQ LQFRQVLVWHQF\ LV E\ GHILQLWLRQ D ORJLFDO FRQWUDGLFWLRQ ZH K\SRWKHVL]H WKDW VLPLODU WR FRQVWUXFWLQJ D
PDWKHPDWLFDOSURRILQIHUHQFHFDQEHXWLOL]HGWRLGHQWLI\LQFRQVLVWHQFLHV0RUHVSHFLILFDOO\ZHVD\WKDWLIDPRGHO
RUFROOHFWLRQRIPRGHOVFDQEHUHSUHVHQWHGE\DJUDSKDQ\LQFRQVLVWHQF\PXVWDOVREHcontained inWKLVJUDSKLH
LQFRQVLVWHQFLHVPDQLIHVWDVVXEJUDSKV7KHUHIRUHZHDUJXHWKDWLQFRQVLVWHQFLHVFDQEHUHSUHVHQWHGE\JUDSKSDWWHUQV
DQGWKDWXVLQJJUDSKSDWWHUQPDWFKLQJWRFKHFNIRU WKHH[LVWHQFHRIDSDUWLFXODUVXEJUDSKFDQEHXVHGDVDIRUPDO
PHDQVRILGHQWLI\LQJLQFRQVLVWHQFLHV
,GHQWLI\LQJ LQFRQVLVWHQFLHV LQDFRQWLQXRXVDQGDXWRPDWHGIDVKLRQFDQVLJQLILFDQWO\VXSSRUWV\VWHPYHULILFDWLRQ
DQG YDOLGDWLRQ 7KH WHFKQLFDO YLDELOLW\ DQG SUDFWLFDOLW\ RI WKH SUHVHQWHG FRQFHSWXDO DSSURDFK RI XVLQJ SDWWHUQ
PDWFKLQJZDV VKRZQXVLQJ D SURRIRIFRQFHSW LPSOHPHQWDWLRQ+RZHYHU LQRUGHU WREH DEOH WR IXOO\ VSHFLI\ WKH
FRQWH[W LQ ZKLFK LQFRQVLVWHQF\ SDWWHUQV DUH DSSOLFDEOH HJ WR PLQLPL]H WKH QXPEHU RI IDOVH SRVLWLYHV WKHVH
SDWWHUQVPD\EHFRPHYHU\FRPSOH[7KLV LV D UHVXOWRI DSDUWLFXODU OLPLWDWLRQRI WKHSUHVHQWHGDSSURDFKSDWWHUQV
UHTXLUHH[DFWPDWFKHVLQDOOFDVHV+RZHYHULWLVFRQFHLYDEOHWKDWLQVRPHFDVHVDSDWWHUQLVQRWPDWFKHGHJGXH
WR D PLVVLQJ UHODWLRQVKLS HYHQ WKRXJK D KXPDQ ZRXOG UHDVRQ WKDW HQRXJK HYLGHQFH LV SUHVHQW WR VXJJHVW DQ
LQFRQVLVWHQF\:HEHOLHYHWKDWWKLVLVDFRPPRQFDVH7RPLWLJDWHWKHHIIHFWVRIWKLVLGHQWLILHGOLPLWDWLRQWKHDXWKRUV
DUH FXUUHQWO\ LQYHVWLJDWLQJ WKH XVH RI DEGXFWLYH UDWKHU WKDQ GHGXFWLYH UHDVRQLQJ 0RUH VSHFLILFDOO\ VWRFKDVWLF
PDFKLQHOHDUQLQJ%D\HVLDQOHDUQLQJLVXVHGWRH[SDQGWKHFRQFHSWXDOPRGHOSUHVHQWHGLQWKLVSDSHU
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$FNQRZOHGJHPHQWV
7KLVZRUNZDVVXSSRUWHGE\%RHLQJ5HVHDUFK	7HFKQRORJ\7KHDXWKRUVZRXOGOLNHWRWKDQN0LFKDHO&KULVWLDQ
7KH%RHLQJ&RPSDQ\6W/RXLVDQG$[HO5HLFKZHLQ.RQHNV\V//&IRUWKHPDQ\YDOXDEOHGLVFXVVLRQV
5HIHUHQFHV
 6SDQRXGDNLV*=LVPDQ$,QFRQVLVWHQF\0DQDJHPHQWLQ6RIWZDUH(QJLQHHULQJ6XUYH\DQG2SHQ5HVHDUFK,VVXHV+DQGERRNRI6RIWZDUH
(QJLQHHULQJDQG.QRZOHGJH(QJLQHHULQJ
 +HU]LJ64DPDU$5HLFKZHLQ$3DUHGLV&-$&RQFHSWXDO)UDPHZRUNIRU&RQVLVWHQF\0DQDJHPHQWLQ0RGHO%DVHG6\VWHPV(QJLQHHULQJ
,Q3URFHHGLQJVRIWKH$60(,QWHUQDWLRQDO'HVLJQ(QJLQHHULQJ7HFKQLFDO&RQIHUHQFHV	&RPSXWHUVDQG,QIRUPDWLRQLQ(QJLQHHULQJ
&RQIHUHQFH
 )LQNHOVWHLQ$&*DEED\'+XQWHU$.UDPHU-1XVHLEHK%,QFRQVLVWHQF\+DQGOLQJLQ0XOWLSHUVSHFWLYH6SHFLILFDWLRQV,(((7UDQVDFWLRQV
RQ6RIWZDUH(QJLQHHULQJ
 6FKDW]%%UDXQ3+XEHU):LVVSHLQWQHU$&RQVLVWHQF\LQ0RGHO%DVHG'HYHORSPHQW,Q(QJLQHHULQJRI&RPSXWHU%DVHG6\VWHPV,(((

 9DQ'HU6WUDHWHQ50HQV76LPPRQGV--RQFNHUV98VLQJ'HVFULSWLRQ/RJLFWR0DLQWDLQ&RQVLVWHQF\EHWZHHQ80/0RGHOV,Q80/
7KH8QLILHG0RGHOLQJ/DQJXDJH0RGHOLQJ/DQJXDJHVDQG$SSOLFDWLRQV6SULQJHU
 9DQ 'HU6WUDHWHQ 5 '¶+RQGW00RGHO 5HIDFWRULQJV WKURXJK 5XOH%DVHG ,QFRQVLVWHQF\ 5HVROXWLRQ ,Q 3URFHHGLQJV RI WKH $&0
6\PSRVLXPRQ$SSOLHG&RPSXWLQJ$&0
 0HQV79DQ'HU6WUDHWHQ5'¶+RQGW0'HWHFWLQJDQG5HVROYLQJ0RGHO,QFRQVLVWHQFLHVXVLQJ7UDQVIRUPDWLRQ'HSHQGHQF\$QDO\VLV,Q
0RGHO'ULYHQ(QJLQHHULQJ/DQJXDJHVDQG6\VWHPV6SULQJHU
 0HQV79DQ'HU6WUDHWHQ56LPPRQGV -$)UDPHZRUN IRU0DQDJLQJ&RQVLVWHQF\RI(YROYLQJ80/0RGHOV6RIWZDUH(YROXWLRQZLWK
80/DQG;0/
 4DPDU$3DUHGLV&'HSHQGHQF\0RGHOLQJDQG0RGHO0DQDJHPHQWLQ0HFKDWURQLF'HVLJQ,Q$60('HVLJQ(QJLQHHULQJ7HFKQLFDO
&RQIHUHQFHV	&RPSXWHUVDQG,QIRUPDWLRQLQ(QJLQHHULQJ&RQIHUHQFH
+HKHQEHUJHU3(J\HG$=HPDQ.&RQVLVWHQF\&KHFNLQJRI0HFKDWURQLF'HVLJQ0RGHOV,Q3URFHHGLQJVRI,'(7&&,(
*DXVHPHLHU-6FKlIHU:*UHHQ\HU-.DKO63RRN65LHNH-0DQDJHPHQWRI&URVV'RPDLQ0RGHO&RQVLVWHQF\'XULQJWKH'HYHORSPHQW
RI$GYDQFHG0HFKDWURQLF6\VWHPV,Q3URFHHGLQJVRIWKHWK,QWHUQDWLRQDO&RQIHUHQFHRQ(QJLQHHULQJ'HVLJQ,&('¶YRO
6LPNR * /HYHQGRYV]N\ 7 1HHPD 6 -DFNVRQ ( %DSW\ 7 3RUWHU - HWDO )RXQGDWLRQ IRU 0RGHO ,QWHJUDWLRQ 6HPDQWLF %DFNSODQH ,Q
3URFHHGLQJV RI WKH $60(  ,QWHUQDWLRQDO 'HVLJQ (QJLQHHULQJ 7HFKQLFDO &RQIHUHQFHV 	 &RPSXWHUV DQG ,QIRUPDWLRQ LQ (QJLQHHULQJ
&RQIHUHQFH,'(7&&,(
*LHVH+/HYHQGRYV]N\79DQJKHOXZH+6XPPDU\ RI WKH:RUNVKRSRQ0XOWL3DUDGLJP0RGHOLQJ&RQFHSWV DQG7RROV ,Q0RGHOV LQ
6RIWZDUH(QJLQHHULQJ6SULQJHU
*LDUUDWDQR-&5LOH\*([SHUW6\VWHPV3:63XEOLVKLQJ&R
:HVW'%HWDO,QWURGXFWLRQWR*UDSK7KHRU\YRO3UHQWLFH+DOO(QJOHZRRG&OLIIV
6WHILN0,QWURGXFWLRQWR.QRZOHGJH6\VWHPV0RUJDQ.DXIPDQQ3XEOLVKHUV,QF
)LQNHOVWHLQ$$)RROLVK&RQVLVWHQF\7HFKQLFDO&KDOOHQJHVLQ&RQVLVWHQF\0DQDJHPHQW,Q'(;$6SULQJHU
/HYHVTXH +- %UDFKPDQ 5- ([SUHVVLYHQHVV DQG 7UDFWDELOLW\ LQ .QRZOHGJH 5HSUHVHQWDWLRQ DQG 5HDVRQLQJ &RPSXWDWLRQDO ,QWHOOLJHQFH
±
:KLWHKHDG$15XVVHOO%3ULQFLSLD0DWKHPDWLFDYRO8QLYHUVLW\3UHVV
(SSVWHLQ'6XEJUDSK,VRPRUSKLVPLQ3ODQDU*UDSKVDQG5HODWHG3UREOHPV,Q3URFHHGLQJVRIWKH6L[WK$QQXDO$&06,$06\PSRVLXPRQ
'LVFUHWH$OJRULWKPV6RFLHW\IRU,QGXVWULDODQG$SSOLHG0DWKHPDWLFV
*DOODJKHU%0DWFKLQJ6WUXFWXUHDQG6HPDQWLFV$6XUYH\RQ*UDSK%DVHG3DWWHUQ0DWFKLQJ$$$,)6
%DUFHOy3/LENLQ/5HXWWHU-/4XHU\LQJ*UDSK3DWWHUQV,Q3URFHHGLQJVRIWKH7KLUWLHWK$&06,*02'6,*$&76,*$576\PSRVLXP
RQ3ULQFLSOHVRI'DWDEDVH6\VWHPV$&0
:&/LQNHG'DWD3ODWIRUP$YDLODEOHIURPKWWSZZZZRUJOGS
26/&&RQVRUWLXP2SHQ6HUYLFHVIRU/LIHF\FOH&ROODERUDWLRQ26/&KWWSRSHQVHUYLFHVQHW
5\PDQ$*/H+RUV$-6SHLFKHU626/&5HVRXUFH6KDSH$/DQJXDJHIRU'HILQLQJ&RQVWUDLQWVRQ/LQNHG'DWD,Q/LQNHG'DWDRQWKH
:HE/'2::RUNVKRS5LRGH-DQHLUR%UD]LO
*R\DO6:HVWHQWKDOHU55')*UDYLW\5')*UDSK9LVXDOL]DWLRQ7RRO6DO]EXUJ5HVHDUFK$XVWULD
)X-3DWWHUQ0DWFKLQJLQ'LUHFWHG*UDSKV,Q&RPELQDWRULDO3DWWHUQ0DWFKLQJ6SULQJHU
/LQJDV$6XEJUDSKLVRPRUSKLVPIRUELFRQQHFWHGRXWHUSODQDUJUDSKVLQFXELFWLPH7KHRUHWLFDO&RPSXWHU6FLHQFH

